This review covers a special topic in carbohydrate chemistry -solvent effects on the stereoselectivity of glycosylation reactions. Obtaining highly stereoselective glycosidic linkages is one of the most challenging tasks in organic synthesis, as it is affected by various controlling factors. One of the least understood factors is the effect of solvents. We have described the known solvent effects while providing both general rules and specific examples. We hope this review will not only help fellow researchers understand the known aspects of solvent effects and use that in their experiments, moreover we expect more studies on this topic will be started and continued to expand our understanding of the mechanistic aspects of solvent effects in glycosylation reactions. Step 1 involves formation of the donor-promoter complex, and
Step 2 leads to departure of the leaving group, resulting in a highly resonance-stabilized oxocarbenium cation, and is the rate determine step (RDS). Since the anomeric carbon of the oxocarbenium cation is sp 2 hybridzed, the structure changes to a flattened half chair that allows access from both planes (Figure 1 , Path a and Path b) for the nucleophilic attack by an acceptor in Step 3, leading to the formation of two corresponding stereoisomers, i.e. α-(1,2-cis) or β-(1,2-trans) for D-gluco series. In the final step, proton transfer terminates the glycosylation reaction. As a general rule, the rate of glycosylation reaction mostly depends on the stability of the oxocarbenium ion, whereas the stereoselectivity depends on the step that involves preferential nucleophilic attack of an acceptor at the anomeric center. Although α-anomer is thermodynamically favored over kinetically controlled β-anomer due to anomeric effect, 9 β-isomer is also substantially formed during the reaction. Therefore, in order to obtain stereoisomerically pure carbohydrate molecules, controlling the α/β selectivity in the glycosylation reaction is key.
Considerable progress has been made to develop strategies that offer high yield and good stereoselectivity to the glycosylation reaction, but challenges still remain. Many factors can impact the yield and stereoselectivity of glycosylation reactions, including but not limited to structures and properties of donor and acceptor, activator or promoter, reaction solvent, and temperature. Although formation of each specific glycosidic bond requires a particular condition that is most suitable, some general trends have been noticed over decades of investigation.
In general, donor and acceptor need to have matching reactivity; too reactive donor with a less active acceptor may lead to hydrolysis or other side reactions of donor, while pairing a D r a f t 5 more active acceptor with a less reactive donor can lose control of the stereoselectivity. Often stereoselectivity can be better controlled when the acceptor is less active, as the more reactive nucleophiles tend to proceed faster, producing poor outcomes in α/β selectivity. 10 Therefore electron-withdrawing protecting groups are often installed in the acceptor molecule to reduce the electron density of the hydroxyl group, thereby lowering its nucleophilicity. 11-14 Bert coined the concept of "armed" and "disarmed" glycosyl donors on the basis of the substituent present at C-2. 15 For example, donors with an ether group on C-2 are armed (more reactive), and those with esters or amides at the same position are disarmed (less reactive) because the activated donoractivator complex leads to a full and a partial positive charges resulting in increase in the kinetic energy barrier. 4, 16, 17 Protecting groups on the donor also have substantial impact on the stereoselectivity. For instance, an acyl group at the C-2 can work as a participating group to attack the oxocarbenium ion to form an acyloxonium ion, locking the face cis to the acyl group, directing the stereochemistry of the product as 1,2-trans mainly (Figure 2 ). Long-range participation effects of protecting groups at other positions, typically at C-3 and C-6, have also been reported (such as H-bond-mediated aglycone delivery) and reviewed elsewhere. [18] [19] [20] In the case of galactoside synthesis, an ester group at C-4 can perform remote neighboring group participation during glycosylation, leading to α-stereoselectivity predominantly. 21 Reactivity of a donor also depends on the types of leaving groups and the corresponding activators. Restricting the conformation of the donor via introduction of cyclic protecting groups sometimes also affect the stereoselectivity of the reaction; this is of particular importance for the synthesis of furanosides.
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In practice, the structures of donor and acceptor are carefully designed while considering the above factors together with strategies to install orthogonal protecting groups. In addition to controlling the stereoselectivity of glycosylation reactions, solvents were noticed to affect reaction rate. Generally speaking glycosylations in DCM proceed faster than the same reactions carried out in Et 2 O or CH 3 CN, and this solvent reactivity effect has allowed successful synthesis of a trisaccharide via one-pot sequential reactions.
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In this review, effect of solvents will be discussed in the context of four different glycosidic linkages as shown in (Phth) at C-2 of the donor. 44 The participating group at C-2 of glycosyl donor intramolecularly assists the departure of activated leaving group at anomeric carbon, thereby forming a more stable dioxolenium intermediate ion (Figure 2 ). Since the α-face of the intermediate ion is
dynamically shielded by a ring, acceptor is directed to the β-face which leads to the formation of 1,2-trans-β-linkage predominantly. 30, 44 In the absence of participating group at C-2, the reaction leads to a mixture of α and β anomers, and in this case effect of solvent should be remarkable.
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Although the formation of dioxolenium ion drives the reaction to give predominantly β-selectivity, formation of cis-isomers (α) has also been observed occasionally. This could be due to the reaction going through pathways involving either a reactive glycosyl cation or resonance stabilized oxocarbenium ion (Figure 2 ). Benzyl group (OBn) is usually considered as a non-participating group, but in a study
Mong and coworkers revealed a participating effect of OBn group in nitrile solvent, and applied the concept in the synthesis of 1,2-trans-α-linkage during the synthesis of α(1→5)-arabinan oligomers ( Figure 6 ). 55 The reaction between thioarabinosides 3 (armed, more reactive) and 5 in pure CH 2 Cl 2 was found to give low α-selectivity (Figure 6a ). When the solvent was changed to CH 2 Cl 2 /MeCN/EtCN (1:2:1), good α-selectivity was observed. The α/β ratio increased to 10:1 when the reaction was performed at low concentrations. 56 High α-selectivity was observed with acceptors 6, 7, 8 and donor 4 as well in solvent system of CH 2 Cl 2 /MeCN/EtCN (1:2:1). The formation of 1,2-trans-α-linkage was explained on the basis of nitrile solvent assistance on the formation of 1,2-oxazolinium ion (Figure 6b ). The formation of the 1,2-cis-oxazolinium ion with the participation of C-2 benzyl group in nitrile solvent led to the formation of 1,2-trans-α-linkage when the incoming acceptor attack from the β-face.
1,2-Cis-α-O-glycosidic linkage.
Although 1,2-cis-α-glycosidic linkage is stereoelectronically favored over corresponding β-linkage due to anomeric effect, 57, 58 its highly stereoselective synthesis is difficult. Beside 
. 61 Stereoselectivity was not good but the ratio of α:β isomers was still dependent on the solvent used -ethereal solvents THF and diethyl ether generally gave higher α-selectivity over non-ethereal solvents. Presumably, the incipient oxonium ion characteristics of the β-anomer of p-toluenesulfonate in ether would stabilize β-ion over the α-ion, thus favoring α-selectivity in the product. 61 Ishiwata and Ito reported a high throughput screening of O-glycosylation reaction conditions. Taking a donor 17 and an acceptor 18 (Figure 8 ), they performed a series of reactions D r a f t 13 with different solvents at room temperature and at 50 o C. 62 Variable selectivity was observed among the halogenated hydrocarbon solvents, out of which, chloroform (CHCl 3 ) was found to be the best choice regarding its α-selectivity (α:β=10.9:1). Similarly, among the aromatic solvents, those having electron withdrawing groups were found to render substantially higher α-selectivity.
Cyclopentylmethyl ether (c-C 5 H 9 OMe, CPME) was the most effective among the ethereal displacement by acceptor in non-polar solvent such as DCM to form β-isomer, whereas in ether due to the double inversion-mechanism α-isomer is predominantly formed (Figure 10) . 65, 75 In another study, a strong electron withdrawing and non-participating group was introduced at O-2 forming a 3,4,6-tri-O-benzyl-2-O-mesyl-α-D-mannopyranosyl chloride donor 31 (Figure 12 ).
76,77
Electron withdrawing group facilitate S N 2 type displacement by creating an opposite dipole.
The authors employed a polar solvent acetonitrile and silver trifluoroethanesulfonate for the glycosylation reaction with acceptor 16, which yielded mannopyranoside in high yield with 95%
β-selectivity via a double inversion mechanism.
The β-selectivity of the reaction was enhanced while changing the solvent from diethyl ether to DCM in the reactions between donors 32-36 and acceptor 37 (Figure 13a ). This could possibly result from the shift of the equilibrium toward covalent triflate from an ion-pair ( Figure   13b ).
D r a f t dissociation of glycosidic bond giving a reaction intermediate oxocarbenium ion, which
simultaneously underwent reaction with an acceptor to give the glycoside (Figure 14) . 81, 82 Although all of these solvents favored β-selectivity, Et 2 O and DCM were found to be less effective solvents compared to PhCl which gave high β-selectivity when gold (I) catalyst loading (as a ether solution) was decreased to 0.1 equivalent (0.028 M in Et 2 O). This could be attributed to the decrease in the volume of Et 2 O which could participate in the reaction by associating with the oxocarbenium ion. 80 This ratio further increased highly when reaction was carried out using the same catalyst loading but at higher concentration (0.28 M of gold (I) in Et 2 O).
Conclusions and outlook
We have outlined the known solvent effects on the stereoselectivity of glycosylation reactions. Although several general trends have been observed by researchers over the years, it is not possible to rely soly on the solvent effects to design or optimize the glycosylation reactions, because our knowledge of how solvent plays in glycosylation is still expanding, and solvent is only one of the many factors that control the stereoselectivity of glycosylation. Better understanding of the mechanistic aspects of various types of glycosylation reactions will help us to find more guidelines while designing the reagents and reaction conditions. We hope this review article can help the fellow researchers form a general idea of solvent selection, while we hope more detailed and broader solvent effects can be explored in the context of other factors controlling the stereoselectivity of glycosylation in the future studies. 
